Abstract. The excavation of large-span triple tunnels using drilling and blasting method inevitably causes complicated load transfer effects and induces potentially damaging ground vibrations. In this study, the structural responses (including the surrounding rock pressure, normal-contact pressure between the primary and secondary linings, internal forces in the secondary lining) and the seismic responses (including peak particle velocity and corner frequency), are systematically recorded. It is found that the first-excavated left tunnel is influenced heavily by the excavation of the last-excavated middle tunnel, whereas it is hardly affected by the excavation of the second-excavated right tunnel. The load carried by the primary lining is approximately three times as that carried by the secondary lining. The middle tunnel was in the least desirable state due to the formation of the large Protodyakonov's equilibrium arch (PEA). Based on timely feedback of the comprehensive monitoring system, a series of vibration-reducing techniques were applied and effectively guaranteed safety during blasting construction. By referring to Chinese codes, the minimum safety factor of the secondary lining is 1.3; the maximum PPV (0.15 cm/s) is lower than the allowable value; and the corner frequency (40-140 Hz) will not cause resonant vibration of the Great Wall.
Introduction
Closely spaced twin tunnels haven been widely adopted in Underground railways and road networks. Significant interactions during twin tunnel construction have been extensively investigated via on-site monitoring [1] [2] [3] [4] [5] , laboratory model test [6, 7] , numerical simulation [8, 9] , and analytical analysis [10, 11] . Most of these studies primarily focused on the interactions of twin tunnels using the mechanized method. However, for mountain multiple tunnel excavations, the drilling and blasting method is most commonly used. When compared with the mechanized method, the main advantage of this method is its outstanding flexibility. It can be used for the excavation of noncircular tunnels and the enlargement of complex interchanges in various ground conditions.
When drilling and blasting method is applied in the construction of multiple tunnels or similar underground projects, in comparison with mechanized multiple tunnels, the load transfer characteristic is more complicated, and the stress waves resulting from the neighboring blasting construction inevitably lead to adverse interactions with existing tunnels. Ng conducted a series of three dimensional coupled finite element analyses to investigate the multiple interactions between twin hypothetical noncircular tunnels constructed using drilling and blasting method [12] . Nan Jiang analyzed the blast-induced effective stresses in the adjacent tunnel lining and proposed a feasible safety criterion according to maximum tensile strength theory [13] . Xinghua Li studied the unfavorable mechanical responses of operational subway induced by blasting construction of an adjacent tunnel and introduced a series of vibration-reducing measures [14] . The tunneling projects discussed above are mainly associated with small-span tunnels, whereas the structural responses of large-span multiple tunnels have been rarely reported.
Apart from the complicated mechanical interactions of multiple blast-excavated tunnels, the ground vibration induced by blasting construction also negatively impact the surface buildings. Hakan Ak conducted ground vibration measurement and optimized blasting parameters to prevent potential damages to nearby structures [15] . Nateghi Reza predicted the blast-induced ground vibration and established the relationship between peak particle velocity (PPV) and scaled distance [16] . Compared with conventional single tunnel blast construction, the potential risk of surface buildings caused by the blast-excavated tunnel group significantly increases; thus, comprehensive safety assessments of the seismic response are highly required.
This study reports a field case of large-span triple tunnels excavated using the drilling and blasting method. The structural responses, such as surrounding rock pressure, normal-contact pressure between the primary lining and secondary linings, and the internal forces in the secondary lining, were monitored. The key microseismic parameters, including corner frequency and PPV, were also observed at the mountain surface. The safety state of the triple tunnel system and surface buildings was evaluated by referring to the corresponding safety codes. Moreover, a series of optimization methods were proposed accordingly to minimize the undesirable blasting impacts on the support structure. It may provide a piratical reference for the future design and construction of similar underground blasting projects.
On-site monitoring project

Project view
The Badaling Great Wall Station, the key project of the new Badaling tunnel, is the deepest high-speed underground railway station in the world. The triple tunnels were excavated below the Badaling Great Wall scenic area; these tunnels serve as the platform of the station. The new Badaling tunnel was excavated below the Great Wall at DK67 + 025 and DK67 + 370. Therefore, the excavation of triple tunnels would inevitably cause a negative impact on the historical wall. Fig. 1 depicts the typical engineering geology of the field project. The triple tunnels were excavated in the Jundushan Mountain area with severely developed gullies and significant land undulation. The overburden depth (from the tunnel crown to the ground surface) varies between 70 and 102 m. The triple tunnels pass through three major faults (F1, F2, and F3) and a large jointed zone. The F2 fault (most unfavorable fault) intersects the tunnel body at an angle of 35° from DK68 + 200 to DK68 + 300, and the strike and dip are 236° and 80°, respectively. F2 fault is a compression-torsion fracture, and the fault zone mainly includes crushed weak rock with relatively developed groundwater. The large jointed zone intersects the tunnel body from DK67 + 900 to DK68 + 000, and the strike and dip are 335° and 86°, respectively. The joints in the large jointed zone are considerably developed with a line density of 8-10 per meter, and most of them are closed joints, there is no filling in each joint. Generally, the surrounding rock mass primarily includes strongly weathered monzonitic granite with abundant joints. According to the Chinese basic quality (BQ) system, the surrounding rock is classified as grade III and V [17] .
As shown in Fig. 2 , the triple tunnel system comprises three independent parallel tunnels in close vicinity which are exactly symmetrical about the center line of the middle tunnel. The left and right tunnels, with a span of 15.94 m and a height of 12.15 m, are two arrival-departure-track tunnels. The middle tunnel, with a span of 14.38 m and a height of 12.24 m, is a standard doubletrack single-tube tunnel. For the trains parked at this station, they will stop in the left and right tunnels for passengers to transfer, while for other trains, they will pass directly through the middle tunnel. The rock pillar width is only 6 m or 0.38 D (D is the excavation span of both left and right tunnels). The primary lining comprises 300-mm-thick C30 shotcrete, steel beam with 4213-mm 2 cross-sectional area, and 4.0-m-long system bolts. The secondary lining is reinforced cast-in-place concrete with a thickness of 400 mm and a 28-day compressive strength of 35 MPa. The 12-mm-thick composite waterproofing membrane is sandwiched between the secondary and primary linings. As shown in Fig. 3 , the left tunnel was first excavated, followed by the right and middle tunnels. The typical drilling and blasting method were adopted during construction. The standard excavation cycle was 2 m. The blasting holes of 42-mm diameter and 0.7-1.9-m depth (depending on the location of a hole) were drilled. Each explosive charge was set within 40-120 kg, mainly depending on rock mass quality and the excavation area. To effectively limit tunnel overbreak, smooth blasting technique was applied.
Monitoring layout
Real-time monitoring, a reliable and effective method for tunnel construction, has been widely applied because it directly reflects the stress path and deformation pattern of the tunnel in its field state. In this project, the surrounding rock pressure, normal-contact pressure between the primary lining and secondary lining, internal forces in the secondary lining, PPV, and corner frequency were systematically monitored. Section DK68 + 220 was selected as the experimental monitoring section because it was excavated at the earlier period of the triple tunnels and its complicated geological conditions. Fig. 4 shows the installation scheme for each tunnel. Note microseismic monitoring was performed at the ground surface. Table 1 lists the frequency of mechanical monitoring according to the Chinese codes [18] . 
Monitoring results
Surrounding rock pressure
Development of the surrounding rock pressure at DK68 + 220 is shown in Fig. 5 , and the final steady state of the surrounding rock pressure is shown in Fig. 6 . Note the pressure cell at the right shoulder of the left tunnel was damaged accidentally. Based on the measured data, the following results were obtained.
The pressure profile of each tunnel is asymmetrical about the centerline. Similar asymmetrical patterns of the surrounding rock pressure in multiple tunnels were also obtained and analyzed via laboratory model tests [19] and theoretical analysis [20] . For each tunnel, the maximum surrounding rock pressure was observed at the crown, whereas the minimum rock pressure was observed at the waist. The rock pressures at the crown and shoulder were mainly between 0. As expected, the surrounding rock pressure was considerably affected by the pillar width and excavation sequence. For the left and right tunnels, the rock pressure measured at the sides facing the middle tunnel was greater than that at the sides facing outward from the middle tunnel at the same horizontal level. For the left tunnel, a minor impact on the rock pressure was observed when the lagging right tunnel was excavated (Stages IV-VI), whereas the rock pressure was considerably affected by the excavation of the last-excavated middle tunnel (Stages VII-IX), with the increase in the rock pressure on the inner sides accounting for at least 10 % of the stable pressure. Generally believed, the narrower the rock pillar is, the more intense interaction between the multiple tunnels would be [6] . Thus, this phenomenon is illustrated by the much larger width Moreover, the surrounding rock pressure at each monitoring point in the middle tunnel is generally larger than that at the corresponding monitoring points in the left and right tunnels. For example, the pressure measured at the crown in the middle tunnel was 547 kPa, which was much greater than that of the left tunnel (291 kPa) and the right tunnel (351 kPa). The middle tunnel was excavated in rock mass that was heavily disturbed due to the previous excavation of the left and right tunnels, and the rock mass was more severely deteriorated in the class V ground. Therefore, a large Protodyakonov's equilibrium arch (PEA) was easily formed across the three tunnels; Pengfei Li [20] predicted similar behavior through theoretical analysis.
In the middle tunnel, the surrounding rock pressures at the right side (near the second-excavated left tunnel) are generally larger than those at the left side (near the first-excavated right tunnel). For example, the pressures were 453 and 115 kPa at the right shoulder and right waist, respectively, which were larger than the pressures at the left shoulder (383 kPa) and left waist (95 kPa). This difference is attributed to the closed loop of the primary lining that was already formed in the left tunnel. Thus, the stability of the rock pillar between the left and middle tunnels was guaranteed. Conversely, the construction of the invert in the right tunnel was not yet completed; thus, the redistribution of stress in the rock pillar between the right and middle tunnels was still under progress. This observation suggests that the construction of the invert must be quickly completed to enhance the integrity of the primary lining; this will effectively minimize the load on subsequently excavated tunnels.
Normal-contact pressure between primary and secondary linings
The measured data of normal-contact pressure between the primary and secondary linings at Section DK68 + 220 are plotted in Fig. 7 . The distribution of the pressure after equilibrium is plotted in Fig. 8 .
The time-pressure curve shows a significant difference between the normal-contact pressure between primary and secondary lings and the surrounding rock pressure. The normal-contact pressure between the primary and secondary linings drastically increased in the initial period until formwork carriage was removed. This increasing trend could be explained by that the strength and stiffness of concrete increased rapidly in the early days and the formwork carriage provided a certain supporting force. The secondary lining was in the three-dimensional stress state due to the presence of the formwork carriage, and although the contact pressure was considerably large, the structure still remained safe. When the formwork carriage was removed, the stress state of secondary lining changed from the three dimensions to two dimensions, and the secondary lining was in the most unfavorable state. With the release of the supporting force of the formwork carriage, the contact pressure then immediately decreased and slowly reached stable values after seven days. Therefore, it was necessary to slow down the removal of the formwork carriage to ensure that the secondary lining gained enough strength and the supporting force acted on the second lining was reduced gradually. The concrete curing should be conducted properly.
For each tunnel, the maximum pressure (143, 156, and 142 kPa for the left, right, and middle tunnels, respectively) was observed at the shoulder, whereas the minimum pressure (10, 9, and 5 kPa for the left, right, and middle tunnels, respectively) was observed at either the waist or the knee. All the monitored pressures were smaller than 160 kPa, which was substantially smaller than the surrounding rock pressure.
In addition, the mean of the pressure in the left, right and middle tunnels were 71.9, 74.4, and 55.0 kPa, respectively; the corresponding standard deviations were 41.9, 50.7, and 45.3 kPa, respectively. This indicated that for the secondary linings of triple tunnels, the loads transferred from the primary lining are generally similar in magnitude, and the large PEA no longer existed.
The ratio of the average normal-contact pressure acting on the secondary lining to the average surrounding rock pressure acting on the primary lining is directly related to the safety of the supporting system [21] , which can be expressed as: the ratio = average normal contact pressure acting on secondary lining average normal contact pressure acting on primary lining .
According to monitoring results, the ratio was calculated to be 0.33. Thus, it can be concluded that the primary lining could bear most of the load transfer from surrounding rock, whereas the secondary lining is the safety reservation. 
Internal forces in molded concrete
The internal forces induced in the secondary lining, including the axial force and the bending moment , can be calculated using the following equations [19] :
where and denote the monitored stress on the inner and outer sides of the secondary lining, respectively. and denote the cross-section area and bending modulus of the molded concrete, which are 0.4 m The axial force in the molded concrete increased sharply and immediately, and the axial force reached nearly 80 % of the final stable values two weeks after the construction of the secondary lining. The axial force then slightly increased and gradually reached a steady state. The molded concrete primarily bear compressive axial forces, except for the axial force measured at the right shoulder of the right tunnel. The axial force at the side wall was larger than those at the tunnel vault. The maximum axial force of each tunnel was observed at the waist (6807, 6649. and 5101 kN for the left, middle, and right tunnels, respectively). The negative monitoring value (−557 kN) observed at the right shoulder indicates the concrete bore tensile force, which is strictly avoided because of the concrete's considerably smaller tensile capacity compared with the compressive capacity. Thus, some auxiliary measures should be adopted, and careful monitoring should be conducted in the operation period.
The distribution of the bending moment induced in molded concrete exhibits an obvious asymmetrical pattern. For each tunnel, the bending moment reached a maximum positive value at the crown and a minimum negative value at the shoulders. These findings indicate that the internal force induced by the load transferred from the primary lining is complex and the tunnel vault is at the most vulnerable position; therefore, careful monitoring must be conducted in the future. 
Peak particle velocity and corner frequency
Microseismic monitoring technique is widely applied as a tunnel blast monitoring method, and the monitoring sensors are mainly installed at the ground surface to record the blast signals. The critical blast parameters obtained by field monitoring includes corner frequency and PPV [22] .
Herein, the peak true resultant particle velocity is used to represent PPV [23] . The empirical formula proposed by Sadovskii is most commonly used for the assessment and control of blasting. The PPV is determined by the distance from the ground surface to the blast point ( ), explosive charge ( ), and specific site conditions ( and ) as follows:
Based on the 447 sets of measured PPV data, the fitting curves between PPV and / / were obtained by applying the Sadovskii formula and regression analysis method are shown in Fig. 12 . The fitting equations of the lower bound, mean value, and upper bound, are also shown. The PPV induced by blast construction can be predicted using the mean value equation.
It should be noted that too lager PPV may have an unfavorable influence on surface structures, thus the maximum charge should be strictly controlled. According to Eq. (4), the maximum charge can be determined by on-site monitoring of the PPV, as the distance from the ground surface to the blast point ( ) and specific site conditions ( and ) were easily obtained.
Based on the 52 sets of blast signals, the distribution of the corner frequency is listed in Table 2 . The measured frequency data are within 40-140 Hz, of which 80.8 % of the datasets are within 60-120 Hz. To avoid resonance of surface buildings, the corner frequency should be controlled within a specific range. And this specific range should be determined after obtaining the natural frequency of surface buildings. 
Safety assessment and vibration reduction techniques
Assessment of tunnel lining
Referring to the Chinese code [24] , the structural safety of a rectangular section of concrete can be revealed by a safety factor ( ), which can be calculated using the following formulas [25] .
When ≤ 0.2 :
When > 0.2 :
where represents the eccentricity; represents the thickness of molded concrete; represents the buckling coefficient, which is equal to one for tunnel engineering; represents the acentric factor. Herein, = 1 + 0.648( / ) − 12.59( / ) + 15.444( / ) ; represents the ultimate compressive strength of the molded concrete, which is equal to 26 MPa; represents the width of the member, which is equal to 1 m; and represents the axial force of the member; represents the ultimate tensile strength of concrete, which is equal to 2.4 MPa.
Based on above formulas, the safety factors of the secondary lining at 20 monitoring points can be calculated, as shown in Fig. 13 (the monitoring point at the right shoulder of the right tunnel is not included in the calculation). All the factors at each monitoring point are larger than 1.3. Generally believed, structural safety can be effectively ensured in accordance with the reinforcement effect, which is ignored in the structural analyses described above [25] . Even M ean value: PPV=6.36·(Q 1/3 /R) 1.8 Lower limit: PPV=1.65·(Q 1/3 /R) 1.8 PPV (cm/s)
though, all the safety factors are still greater than 1.3; therefore, it can be concluded that the secondary lining was constructed safely and successfully. 
Assessment of blast construction
Considering the safety of the Great Wall and some villages adjacent to the triple tunnels, the PPV and corner frequency measured at the ground surface should be considered and strictly controlled simultaneously. Table 3 shows the Chinese codes mandated to prevent significant vibration damage to historical and sensitive buildings [26] . Based on the monitoring data presented above, the maximum PPV measured from the ground surface is 0.15 cm/s, and the corner frequency mainly ranges from 60 to 120 Hz. According to the Chinese criterion, the monitoring data of PPV are clearly lower than the limitations. Moreover, to avoid any violent swaying motions to the historical wall, the resonance phenomenon should be strictly prevented. Referring to the Chinese standard (GB/T50452-2008), the first three orders of the natural frequency of the historical wall can be calculated as 7.4, 22.1, and 36.9 Hz, which are clearly smaller than the measured corner frequency. Overall, the monitoring PPV and corner frequency indicated that the blast engineering has minor negative impacts to the Great Wall and other buildings.
Vibration-reducing techniques
The blast construction is considered safe according to the above assessments; however, the support structure may face potential risks due to the inherent uncertainties of the surrounding rock mass. Thus, based on real-time monitoring and similar engineering experiences, a series of vibration reduction techniques were proposed and applied in subsequent excavations.
To minimize the negative interactions among triple tunnels caused by blast vibration, the construction sequence was optimized according to pre-design and relative researches [27] . As mentioned in Section 2, the left tunnel was excavated first, followed by the right and middle tunnels. For a transverse section, the secondary lining of each tunnel was not constructed until all the primary linings of the three tunnels were completed to avoid any unfavorable influence caused by blasting construction on the secondary lining. To avoid any adverse impacts on the historic wall and adjacent buildings, the maximum explosive charge of each blasting operation was strictly controlled according to PPV and corner frequency measured at the ground surface. In addition, the excavation cycle length was also decreased to 0.8 m accordingly in the weak rock mass.
Monitoring results indicate that the physical properties of the surrounding rock mass of the lagging middle tunnel had already been deteriorated due to the excavation of the leading left and right tunnels. To reduce the vibration strength and achieve a better blasting effect for the middle tunnel, the high-precision electronic detonator was used to achieve the millisecond blasting effect. The interval between two adjacent detonations was 5-8 ms. In addition, the original blasting construction of the middle tunnel was simply divided into 2 stages (Fig. 14) , to reduce blasting impacts, the blasting sequence was redesigned (Fig. 15) .
Summarily, to reduce the vibration impacts, the construction sequence and the secondary lining construction timing should be properly optimized based on engineering experience and pre-design; the maximum explosive charge and the excavation cycle length should be determined based on blasting monitoring and geological conditions; the excavation of the middle tunnel should be paid with more attention and the blasting sequence of middle tunnel should be redesigned. 980  970  960  950  940  930  920  910  900  890  880  870  860  850  840  830  820  810  800  790  780 
Conclusions
This paper analyzes the structural responses and seismic responses of large-span triple tunnels, wherein tunnels were excavated using drilling and blasting method. Based on the monitoring results, the following key conclusions are drawn:
1) The mechanical disturbance for the first-excavated left tunnel caused by the last-excavated middle tunnel is much more severe compared with that caused by the second-excavated right tunnel.
2) The safety of the middle tunnel was the most unfavorable due to the formation of the large Protodyakonov's equilibrium arch (PEA).
3) The ratio of the load carried by the secondary lining to the load carried by the primary lining is averagely 0.33. The primary lining was more vulnerable to damage and the strength of the surrounding rock mass should be enhanced to ensure the stability of the primary lining.
4) The excavation sequence was optimized, and some vibration-reducing techniques were employed accordingly. These engineering measures effectively facilitate the stability of the tunnel construction.
5) According to the Chinese codes, all the safety factors are higher than 1.3, the maximum PPV (0.15 cm/s) is lower than the allowable values, and the corner frequency (40-140 Hz) would not cause a resonant vibration in the Great Wall. Thus, it could be concluded that the safety of large-span triple tunnels was safeguarded. 
